Estimation of hydraulic properties in the field is usually small-scale and not cost-effective. This paper proposes an innovative method for estimating hydraulic diffusivity at regional scale. Monthly groundwater storage change over the period from 2003 to 2013 is first estimated from GRACE-derived terrestrial water storage (TWS). Assuming that the aquifer system is unconfined and the hydraulic properties are uniform in a geographical cell, the water balance principle and Darcy's law are used to establish a relation between groundwater storage and hydraulic diffusivity. The value of hydraulic diffusivity is then adjusted using the generalized least squares and linear correlation method. This GRACE-derived hydraulic diffusivity estimation method, or GHDE method for short, is first verified with a hypothetical case and then applied in the Beishan area with available field-measured hydraulic conductivity data. The hypothetical case study demonstrates that the method works perfectly if the TWS data are error free. The Beishan case study illustrates that the estimated hydraulic diffusivities using the GHDE method correlate reasonably well with field test results, suggesting that this method is applicable. The accuracy of this method is constrained by the resolution of the GRACE-derived TWS data and is most suitable for very large scale groundwater problems due to the current accuracy of the GRACE data.
Introduction
Numerical models are a powerful and effective tool for assessing regional groundwater problems, but they need massive amounts of input data, such as hydraulic properties of the aquifer system, and sources and sinks of groundwater. Meanwhile, a number of fundamental and applied scientific problems and policy issues need improved datasets of global hydrogeological parameters and a better understanding of groundwater systems at regional, continental, and even global scales (Glesson et al. 2011 , 2014 , Fan et al. 2013 . Hydraulic properties are usually characterized by hydraulic conductivity, specific yield, hydraulic diffusivity and transmissivity. Hydraulic conductivity and diffusivity are usually obtained from field tests. There are a number of field methods to estimate hydraulic conductivity, typically pumping tests. However, these measurements are not cost-effective and provide hydraulic parameters only at a small spatial scale. For regions of global or continental scale (Luckey et al. 1986 , Lemieux et al. 2008 , Fan et al. 2013 or very remote areas with no or limited data (Jiao et al. 2015a) , there is no reliable and efficient way to estimate the hydraulic properties. Since the successful launch of two Gravity Recovery and Climate Experiment (GRACE) satellites in March 2002, the GRACE mission has measured the Earth's gravitational field more accurately. These measurements have become a valuable tool in investigating terrestrial water storage (TWS) variation at regional to global scales at the resolution of 300-400 km. Temporal variability in the gravitational field results from mass redistribution within ocean, land, ice and atmosphere components. Recent studies have verified that TWS can be directly estimated from GRACE data for certain large basins when appropriate smoothing is applied to reduce striping (Chen et al. 2005) . The TWS changes agree reasonably well, at least for long wavelengths, with those estimated from hydrology models and observation networks (Schmidt et al. 2006 , Syed et al. 2008 , Tiwari et al. 2009 ). The freely available GRACE data have also been used to estimate specific yield (Sun et al. 2010 , Varni et al. 2013 ) in areas with many groundwater level observation wells, and to calibrate regional groundwater models (Sun et al. 2012, Hu and Jiao 2015) .
The objective of this paper is to propose an innovative method to estimate the hydraulic diffusivity at regional to global scales using freely available GRACE data, which is otherwise extremely difficult to estimate due to the huge scale or lack of data. The method makes the assumptions that TWS change in a region is entirely due to groundwater storage change and the groundwater storage change can be isolated from TWS data. Firstly, estimation of groundwater storage from TWS is presented. Secondly, the theory of the GHDE method to estimate hydraulic diffusivity is introduced. Thirdly, a hypothetical case with error-free TWS data is used to demonstrate the applicability of the method. Finally, this method is applied in the Beishan area of northwestern China with some field-test data from pumping tests, although the method is designed for large regions where field hydraulic parameter data are not available. The difference between the aquifer diffusivity values estimated by the GHDE and the field tests is discussed.
Method

Estimation of groundwater storage from TWS
The TWS usually includes groundwater, surface water, soil moisture and snow water. The Global Land Data Assimilation System (GLDAS) is usually used to estimate soil moisture and snow water. Then groundwater storage can be isolated from the TWS. This approach based on GRACEderived groundwater storage changes has been widely used to assess groundwater changes in many regional aquifer systems, for example, the Mississippi River basin, USA (Rodell et al. 2007) , India (Rodell et al. 2009 , Tiwari et al. 2009 ) and Yemen (Moore and Fisher 2012) . In data-poor regions, of the world such as deserts and some remote mountainous regions, GRACE may represent the only option for regional groundwater assessments (Rodell et al. 2007 ). There are many GRACE solutions, such as GFZ, JPL and CSR; however, many studies (e.g. Moore and Fisher 2012) found that the results from different solutions are not obvious. Most water-related studies use the TWS data estimated from GRACE CSR release-05 (Rodell et al. 2009 , Li et al. 2012 , so this dataset is also used for this study. The TWS data estimated from GRACE CSR release-05 can be downloaded from ftp://podaac-ftp.jpl.nasa. gov/allData/tellus/L3/land_mass/RL05/ascii/, and the data are supported by the NASA MEaSUREs Program (Swenson and Wahr 2006, Landerer and Swenson 2012) . The TWS data are outputted monthly at a spatial resolution of 1°in the geographical coordinate system. GRACE-derived TWS data downloaded from the above site represent the terrestrial water mass deviation for that month relative to the baseline average over January 2004 to December 2009. The TWS data processed in this way are usually called the TWS anomaly or TWS change. GLDAS assimilates large quantities of observational meteorological data to constrain modelled outputs, resulting in estimates of many hydrological processes such as infiltration and evaporation (Rodell et al. 2004) . In this study, the GLDAS NOAH model is applied to obtain the soil moisture and snow water equivalent at a spatial resolution of 1°and monthly temporal resolution, and these data can be downloaded from http://disc.sci.gsfc.nasa.gov/hydrology/data-holdings. To be consistent with the GRACE-derived TWS anomaly data, the soil moisture and snow water equivalent data derived from the GLDAS NOAH model are also converted into anomaly data; that is, the original data subtract their relative time-average values from January 2004 to December 2009. Similarly, the soil moisture and snow water equivalent data processed in this way are called the soil moisture anomaly and snow water equivalent anomaly. Because the TWS and all its water components are expressed as anomalies, for simplicity, the word anomaly is often omitted in the following discussion.
The TWS consists of the following components:
where TWS g is the TWS estimated from GRACE; GW g is groundwater storage; SM g is soil moisture; SWS g is surface water storage; SWE g is snow water equivalent. In the arid inland regions, there is no major river and so surface water storage variation is negligible. Even in a large river basin, when groundwater storage anomalies dominate the changes in the TWS, surface water storage variation can be negligible. For example, Pokhrel et al. (2013) concluded that the subsurface water in the Amazon water cycle contribution far exceeds the surface water contribution to the overall TWS variations, and that in this river catchment most of the TWS changes are from subsurface water and only 5% from water in river channels. If surface water storage variation is negligible, the groundwater storage variation can be isolated using Equation (1).
Methodology in estimation of hydraulic diffusivity
The study area of an unconfined aquifer system is divided into cells of the same size as the GRACE data product. Assume that groundwater level, aquifer thickness and hydraulic parameters in each cell are uniform. Groundwater exchanges flux between the cell (i,j) and its four neighbouring cells (i − 1,j), (i + 1,j), (i,j − 1) and (i,j + 1). According to the water balance principle and Darcy's law (Equation 2), the change in groundwater storage at a cell should equal the lateral flux with its neighbouring cells and the sources and sinks. At the nth time step, the water balance equation at cell (i,j) can be expressed by Equation (3) 
where K is hydraulic conductivity [LT −1 ]; h is hydraulic head [L]; W is the cross-sectional area [L 2 ]; T ðiÀ1;j!i;jÞ is transmissivity at the interface between cell (i − 1,j) and cell (i,j) [L 2 T −1 ]; h n ði;jÞ is groundwater level of cell (i,j) at the nth time step [L]; w n ði;jÞ is source or sink of groundwater of cell (i,j) at the nth time step [LT −1 ]; S y is specific yield [dimensionless]; Δx and Δy are the cell sizes along the x-and y-axis, respectively [L]; Δt is the time step chosen to be equal to the measurement interval of GRACE data, which is 1 month; i and j are the location indexes along the longitude and latitude, respectively.
Define hydraulic diffusivity as:
Assume the hydraulic diffusivity is uniform at each cell, so: a ðiÀ1;j!i;jÞ ¼ a ðiþ1;j!i;jÞ ¼ a ði;jÀ1!i;jÞ ¼ a ði;jþ1!i;jÞ ¼ a ði;jÞ (5) If Δx is equal to Δy, Equation (3) A term called equivalent groundwater height (G W ) is introduced, which is defined as the product of specific yield and the groundwater level:
Following the way in which the GRACE data are handled, a term called groundwater storage anomaly (GW g ), which is defined as the difference between groundwater storage and the groundwater storage averaged over the period from January 2004 to December 2009, is defined as:
where h avg is the average groundwater level from January 2004 to December 2009. The value of GW g can be isolated from the GRACE-derived TWS if the soil moisture and snow water are estimated from GLDAS data, as discussed earlier.
Equation (6) can be rewritten as the following two equations at the nth and (n−1)th time step, respectively: 
In an area with many groundwater level observations, the value of S y can be estimated by the correlation analysis in Equation (8). However, in an area without groundwater level observations, such as arid remote areas, it is assumed that specific yield does not change significantly over the study area. Considering Equations (7) and (8), the change of groundwater storage anomaly (ΔGW g ) can be written as: 
Similarly, the change in the sources and sinks of groundwater is defined as:
Subtracting Equation (10) from Equation (9), and taking Equations (11) 
So a linear equation is obtained:
For the convenience of the study, it is assumed that the monthly source and sink term Δw n i;j can be approximated by monthly average Δw; Equation (21) then becomes:
where: Z ¼ ΔwΔt (23) Equation (22) is a linear equation and the slope (λ) of the straight line is related to hydraulic diffusivity, and its intercept is a constant related to the groundwater sources and sinks. The time series of X, Y can be calculated based on the GRACE and GLDAS data. The two coefficients (λ and Z) in Equation (22) can be determined by the method of generalized least square inversion (Rice 2007) as follows:
Here, N is the total number of months; n is the serial number of the month. X and Y are the average values of time-series variables X and Y, respectively, and can be written as:
The correlation coefficient (R) of linear estimation in Equation (22) is:
So the hydraulic diffusivity of each cell is:
After λ is determined from Equation (24), the hydraulic diffusivity can be estimated from Equation (29). This GRACE-derived hydraulic diffusivity estimation is abbreviated as the GHDE method in the following discussion.
Verification of the GHDE method using a hypothetical case with noise-free data
A hypothetical model is used to verify the applicability of the GHDE method. Assume that the aquifer is an unconfined aquifer with heterogeneous media. There is no vertical source and sink in the model. The boundary of the aquifer is assumed to be the known Dirichlet boundary. The mathematical model of the hypothetical case is represented by Equation (30). The model area is shown in Figure 1 , where the hydraulic conductivity decreases from the left to the right boundaries and can be calculated from Equation (30) 
The change of groundwater level is first obtained from the solutions using the finite-difference method in Equation (30) to generate "observed" TWS to be used in the GHDE method. The actual hydraulic diffusivity in the hypothetical case depends on the hydraulic conductivity, specific yield and the thickness of saturated aquifer. The hydraulic diffusivity at the end of the simulation is set as "observed" hydraulic diffusivity for comparison with the GHDE-estimated results. Figure 2 demonstrates the comparisons of observed and GHDE-derived hydraulic diffusivity. It can be seen that the GHDE-derived hydraulic diffusivity is almost the same as the observed values, as demonstrated by the correlation coefficient of 1 or almost 1. This hypothetical case study demonstrated that, if the TWS data are error-free, the GHDE method can reproduce the hydraulic diffusivity of each cell almost perfectly.
3 Application and discussions
Study area
The Beishan area is mainly located in the Gansu Province of Northwest China (Fig. 3) , and surrounded by Mongolia to the north, the Shu-le river basin in the west, and the Heihe river basin in the east (Jiang et al. 2004 ). This area has been selected as a potential area for China's high level radioactive waste disposal. It covers an area of approximately 90 000 km 2 . It is a typical inland arid region. The mean annual rainfall is 60-80 mm and 60% of the rainfall occurs from June to August. The mean annual pan evaporation is almost 3200 mm. There is no major river. The elevation changes from over 1200 m in the west to 900 m in the east. There is no major groundwater pumping in the study area. The limited rainfall infiltration is the main source of groundwater recharge. Since the output resolution of the GRACE and GLDAS data is 1°of latitude and longitude, the study area is also divided into 1°cells with cell size of about 100 km × 100 km. It is assumed that the groundwater storage change is mainly contributed by the unconfined aquifer, and the contribution from the groundwater change, if any, below the unconfined aquifer is negligible. Each cell of the aquifer receives vertical sources and sinks, and exchanges water with its neighbouring cells.
The geological materials in the study area can be classified into metamorphic (schist) and intrusive (granite) rocks, and clay and sandy loam weathered from schist and granite, with occasional alluvium deposits (Fig. 3) . The clay, sandy loam and alluvium deposits are less than 50 m thick. As investigated by the Beijing Research Institute of Uranium Geology (2010), the metamorphic and intrusive rocks extend from the surface to a depth of over 600 m. The permeability of the original metamorphic and intrusive rocks is typically very low. However, because faults and fractures are widely distributed in the study area, hydraulic conductivity at the intersections of faults and fractures is relatively high. Alluvium deposits in the south of the study area are relatively thick. In this study, the Quaternary sediments and the underlying rocks are simplified into an unconfined aquifer system.
Field test data
There are 37 pumping test wells and their locations are shown in Figure 4 . The test wells are located in cells G1, G2, G5, G6 and G7. Table 1 lists the hydraulic conductivity data, together with other relevant information, such as depth and aquifer thickness. The estimated hydraulic conductivity ranges from 0.0015 to 3.82 m/d.
Results and discussion
The study area consists of 12 cells (Fig. 3) . The TWS data of these cells and the neighbouring 15 cells and soil moisture and snow water equivalent data are downloaded from two websites as discussed in the Section 2.1. Because there is no major river, the surface water is ignored and groundwater storage in the unconfined aquifer is the primary component of the TWS. Cell 6 is used as an example to calculate monthly groundwater storage anomalies isolated from the TWS by subtracting the soil moisture and snow water equivalent. The detailed anomalies of the derived groundwater storage, the TWS and its other components in Cell 6 are shown in Figure 5(a) . The ranges of the monthly TWS, groundwater storage, soil moisture and snow water equivalent anomalies in Cell G6 are about −4.60-3.94 cm EWT (equivalent water thickness), −4.30-3.78 cm EWT, −0.81-0.39 cm EWT and −0.03-0.37 cm EWT, respectively. The values show that the snow water equivalent anomaly is negligible and the soil moisture anomaly is very small, so the TWS is dominated by the groundwater. During 2003 and 2013, there is a general trend in the TWS and groundwater storage anomalies decrease with time.
Similarly, monthly TWS and its various components for all other cells from 2003 to 2013 can be obtained. Figure 5 shows the spatial changes of the yearly average TWS (Fig. 5(b) ) and groundwater anomalies (Fig. 5(c) ). The yearly average anomalies of the TWS and groundwater storage over the period in all cells are negative and within −0.90-0.00 cm. The temporal distributions of TWS and groundwater storage in the representative Cell 6 ( Fig. 5(a) ) and the spatial distributions of TWS and groundwater storage in the whole region ( Fig. 5(b) and 5(c)) suggest that water storage in the study area is depleting. Figures 5(b) and (c) show that the depletion of both groundwater storage and TWS is progressively more serious from southeast to northwest. A similar conclusion about water depletion was also reached by Jiao et al. (2015b) in their water storage studies in the Badain Jaran Desert, which is to the north of the Beishan area. Once the monthly groundwater storage anomaly data of all the cells are obtained, the GHDE method is used to estimate hydraulic diffusivities. Table 2 lists the parameters and results of estimating hydraulic diffusivity a from field tests. Transmissivity at each cell is estimated from the average log value of transmissivity of pumping tests within the cell. For fractured aquifers, such as those in metamorphic and intrusive rocks, specific yield can be approximated by volumetric fracture ratio, or the volume of fractures divided by the volume of rock, which was estimated by the Beijing Research Institute of Uranium Geology (2010) based on the cores of the boreholes. The fracture ratio in Cell G5 is larger, and is set as 0.05. Table 3 lists the hydraulic diffusivity in all cells estimated from the GHDE method. It also shows the correlation coefficient R and average changes in source/sink term Δw estimated from the GHDE method. The correlation coefficient for all cells is negative, ranging from −0.60 to −0.39, with a mean value of about −0.50. Considering the large number of data points, 132, this correlation coefficient is reasonably high. Figure 6 shows the correlation between the two sets of hydraulic diffusivity at G1, G2, G5, G6, G7 and G10 by linear regression analysis. The relation coefficient of the two Figure 5 . Spatial-temporal anomalies of the TWS and groundwater storage from 2003 to 2013: (a) monthly temporal anomalies of the TWS, groundwater storage, soil moisture and snow water equivalent in Cell 6; (b) spatial distribution of the yearly average TWS anomalies; (c) spatial distribution of the yearly average groundwater storage anomalies. Table 2 . Hydraulic diffusivity estimated from field investigations of hydraulic conductivity (K), transmissivity (T) and fissure ratio.
Cell
Range of K (m/d) Estimated T (m 2 /d) Fissure ratio (specific yield): range and value Hydraulic diffusivity a (m 2 /d) G1 0.035-3.8 18.97 10 -3 -10 -2 , 0.005 3794.70 G2 0.015-0.91 8.87 10 -3 -10 -2 , 0.005 1773.99 G5 0.034-3.59 58.73 10 -2 -10 -1 , 0.02 2936.27 G6 0.003-3.82 32.80 10 -3 -10 -2 , 0.005 6560.75 G7 0.0015-0.76 3.47 10 -3 -10 -2 , 0.005 694.35 datasets is 0.62 (R 2 = 0.3823, R = 0.62). Such a reasonably good correlation suggests that the result from the method is reasonable.
The value of Δw is related to the groundwater sources and sinks in the groundwater systems. From Table 3 , the mean value of Δw is −1.36 × 10 -5 m/d, which means the source/sink term or groundwater storage decreases. This conclusion is consistent with the water storage depletion indicated in Figure 5 .
Limitations of the GHDE method
The GHDE method is based on data derived from the GRACE satellite and is subject to some assumptions. The accuracy of the method depends on that of the GRACE data. The filtering of GRACE data is typically done at 300 km, which is about 3°in the geographical coordinate system, and the error of the TWS estimated from the GRACE data at this resolution is less than 1 cm EWT. It is noted that all water storage estimates from GRACE represent average values, in both space and time. The GRACE TWS error maps, which include measurement errors, leakage errors and combined leakage and measurement errors, are shown in Figure 7 from a study by Landerer and Swenson (2012) . The measurement error in this area is less than 2 cm EWT; however, the leakage errors vary from 1 to 4 cm EWT. The total TWS errors in each grid are over 2.5 cm EWT.
The EWT error on the TWS is acceptable for most groundwater applications, but the huge geographical area of 100 km × 100 km that the GRACE data represent and the assumption that the aquifer properties are uniform in a large cell make the GHDE approach unsuitable for small-scale groundwater problems. So this method works best for continental and global scale groundwater problems due to the low-resolution data from the GRACE satellite. However, the GRACE follow-on mission is scheduled to launch in 2017 (Watkins et al. 2013) , and will produce measurements at least 20 times more precise than the current GRACE (Loomis et al. 2012) . The spatial and temporal accuracy of the available data from the GRACE follow-on for groundwater storage study may be improved (ThalesAlenia Space 2010) . It is expected that the GHDE method will have great potential in dealing with groundwater resource problems when the new GRACE data are available.
The GHDE method assumes that the aquifer system is unconfined. The groundwater storage change is dominated by the storage change occurring in the unconfined system. The deep confined aquifers and their storage changes are ignored. These assumptions are reasonable because, compared to deep confined aquifers, groundwater circulation in unconfined aquifers, which are typically disturbed by precipitation infiltration, evaporation and pumping, is much more active than in deep confined ones. Because this GHDE method ignores the deep confined aquifer, the method does not apply for aquifer systems where the groundwater storage Figure 6 . Correlation between the hydraulic diffusivity estimated by the GHDE method and field investigations at G1, G2, G5, G6 and G7. change occurs mainly in deep confined aquifers. It should be noted that because the thickness of unconfined aquifer changes over time, the derived hydraulic diffusivity represents the average over the time period, which is approximately constant in most analytical or numerical solutions (Brutsaert 1994 , Zissis et al. 2001 , Hu et al. 2008 . Another limitation is that the method can only directly estimate hydraulic diffusivity, not hydraulic conductivity and specific yield. The hydraulic conductivity and specific yield can be estimated individually only if one of them can be estimated by other independent methods such as pumping tests.
However, the hydraulic diffusivity estimated from the field data represents only the small and shallow portion of the aquifer disturbed by the pumping tests. The aquifer thickness used to calculate the aquifer diffusivity from pumping test data is based on the depth of the pumping wells and is only tens of metres (Table 1) , but the estimated hydraulic diffusivity from the GHDE method may involve the entire depth of the unconfined aquifer. The estimated hydraulic diffusivity of a grid from the GHDE method represents the hydraulic properties over a very large area (100 km × 100 km), but the observed hydraulic diffusivity of a cell is the average of values from a number of pumping tests, with each of the tests disturbing only a very small portion of the aquifer. Consequently, for the particular case study here, the hydraulic diffusivity estimated from the GHDE method and that from the field investigation are not entirely comparable. However, the hydraulic diffusivity estimated from the shallow portion of the aquifer may be a good approximation of that over the entire aquifer depth because hydraulic conductivity is usually greatest near the surface and decreases exponentially with depth (Kuang and Jiao 2014) .
Conclusions
This paper proposes an innovative method called GHDE for estimating hydraulic diffusivity at regional scale using monthly GRACE and GLDAS data, which are available at an outputted resolution of a cell of 1°in the geographical coordinate system. This method is designed to study groundwater in a very large scale system where no or very limited data are available. Monthly groundwater storage over the period from 2003 to 2013 is first estimated from GRACE-derived TWS by deducting soil moisture and snow water equivalent from the TWS. The GHDE method employs the water balance principle and Darcy's law in an unconfined aquifer system to establish a relation for the GRACE-derived groundwater storage anomalies with hydraulic diffusivity. The hydraulic diffusivity is estimated with the generalized least squares and linear correlation method. This method assumes that groundwater storage changes occur mainly in the unconfined aquifer and the system is uniform in a cell. The estimated hydraulic diffusivity represents the hydraulic properties over a very large area (100 km × 100 km) and the entire depth where the unconfined aquifer exists. Without information about the specific yield, it is hard to isolate the transmissivity from the hydraulic diffusivity. When there are a lot of water level observation data, the specific yield can be inferred by correlating the relation between the GRACE-derived groundwater storage anomalies and the observed groundwater level (Sun et al. 2010 , Varni et al. 2013 . The GHDE method is verified with a hypothetical case study, which demonstrates that this method is almost perfect if the TWS data are error free.
The GHDE method is applied in an inland arid region, the Beishan area of northwestern China. The field test data are compared with the estimated hydraulic diffusivity using the GHDE method and the estimated values correlate reasonably well with the field investigation, suggesting that the GHDE method is reasonably applicable. The case study indicates that there is long-term groundwater depletion, which is progressively more serious from northwest to southeast, as demonstrated by the negative changes in the term related to sources and sinks and spatial and temporal distribution of groundwater storage anomaly from 2003 to 2013.
The GHDE method can provide cost-effective and quick estimation of hydraulic diffusivity at regional to global scales at an output resolution of 1°of the GRACE and GLDAS data in the geographical coordinate system. The value estimated by this method represents a depth-integrated value of the hydraulic diffusivity. The method may be useful in largescale numerical models to analyse a number of fundamental and applied scientific problems and policy issues. The method is innovative, but the accuracy of the method depends on that of the GRACE data.
